Immortalized cell lines have been generated from embryonic mouse neuroepithelium by infection with a retrovirus containing the c-myc oncogene. The morphology and the antigenic phenotype of the cloned cell lines are characteristic of normal neuroepithelium. Although the cell lines are stable and do not spontaneously differentiate, morphological changes can be induced with both acidic and basic fibroblast growth factor. Fibroblast growth factor at S ng/ml stimulates differentiation of the neuroepithelial cells, and it has been shown that the cloned cell line 2.3D can differentiate into astrocytes, containing glial fibrillary acidic protein, and neurons, expressing the A2B5 marker and neurofilaments. This indicates that some cells in the neuroepithelium at embryonic day 10 are multipotent and are not restricted to either the glial or neuronal cell lineage. The cell lines also can be induced with interferon y to express class I and class II histocompatibility antigens. The response of the c-mycimmortalized cell lines to these two factors is similar to that observed with freshly isolated neuroepithelium and suggests that such immortalized precursor populations are representative of the cells found in the developing neuroepithelium.
The two major cell types in the mammalian central nervous system, neurons and glia, are developmentally derived from the neuroepithelium that forms the neural tube. Neuroepithelial cells have been shown to give rise to both types of neural cells in vitro (1, 2) , and precursor cells committed to a particular cell lineage have been identified within mouse neuroepithelial cells as early as embryonic day 10 (E10) (3) . The factors and genes that regulate precursor cell differentiation in the mammalian nervous system are largely unknown, and the establishment of cell lines representative of these neural precursor populations would greatly assist in their identification. A possible method for establishing such neural cell lines is the introduction of the nuclear protooncogenes of the myc family into neural cells. These genes have been classified as having immortalizing activity because they can cooperate with an activated ras gene in the transformation of primary cells (4) and can immortalize primary cells without inducing tumorigenicity (4, 5) . Furthermore, the introduction of the c-myc oncogene has been shown to block differentiation in erythroleukemic cell lines (6, 7) and to favor proliferation rather than differentiation of pre-B cells in Epu-myc transgenic mice (8) . In contrast, avian retroviruses containing v-myc transform chicken embryo neuroretinal cells in vitro, apparently without interfering with their continued morphodifferentiation (9) .
We report here the generation of cell lines derived from mouse E10 neuroepithelial cells, by the introduction of the c-myc oncogene with a murine retrovirus delivery system. The morphology and antigenic phenotype of these cell lines are characteristic of normal E10 neuroepithelium. Although the cloned cell lines do not spontaneously differentiate, they can be induced with acidic or basic fibroblast growth factor (FGF) to form identifiable glial and neuronal cells. It is proposed that the integration of proviral c-myc into defined neural precursor populations results in the establishment of phenotypically stable, but inducible, cell lines suitable for the study of neural differentiation at a cellular and molecular level.
MATERIALS AND METHODS
Construction of c-myc Retrovirus. The c-myc retrovirus used to infect neuroepithelial cells was constructed by using the shuttle vector pDol as described (10) . This vector carries the bacterial neomyocin resistance (NeoR) gene that confers resistance to the antibiotic G418 (11) . The Xho I fragment of the murine c-myc cDNA was inserted into the BamHI site of the pDol vector. This fragment contains the entire c-myc coding region (12) . A schematic diagram of the recombinant retroviral plasmid is shown in Fig. 1A . To avoid possible effects induced by a helper virus in subsequent experiments, virus stocks were produced by transfection of 0-2 fibroblasts (14) with the retroviral vector. Transfected q-2 cells were selected for resistance to G418, and a cell line producing the highest titer of the c-myc virus (104 viruses per ml) was used for all the experiments.
Infection of Neuroepithelial Cells. Virus-producing 4i-2 cells were cultured in 24-well 
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (Fig. 1B) , the 2.3D line is also clonal. Expression of c-myc mRNA. Analysis of mRNA from several neuroepithelial cell lines for c-myc expression showed that both the proviral and endogenous c-myc genes are expressed in all cell lines ( Fig. 2A) . As expected from the number of integrated proviruses, the level of the 6-kilobase proviral c-myc transcript is higher in the 2.3D line than in the 2.3Q line. Significantly, the 2.3-kilobase endogenous c-myc transcript is expressed in all the lines examined. Thus, the introduction of the proviral c-myc gene has not silenced the endogenous c-myc gene. This result contrasts with those obtained for B lymphocytes in transgenic mice carrying -a c-myc oncogene driven by the immunoglobulin heavy chain enhancer, where no expression of the endogenous c-myc gene could be detected (19, 20) . However, it is similar to that reported for some fibroblast cell lines where expression of the endogenous c-myc gene is not suppressed by the introduced c-myc gene (21) .
Tumorigenicity of the Neuroepithelial Cell Lines. The c-myc virus-infected cells were not tumorigenic. Syngeneic animals injected with 5 x 106 cells from several lines were monitored for 3 months, but no tumors were detected. Thus, by itself, deregulated c-myc expression appears not to be sufficient to transform neuroepithelial cells. However, after continual passage in vitro for over a year the 2.3S and -Q cell lines were capable of generating tumors when injected subcutaneously into mice. The transformation of these cell lines was not associated with any discernible alteration in morphology or surface phenotype. Furthermore, RNA gel blot analysis has shown no significant changes in the expression of either the endogenous or the proviral c-myc genes (data not shown). We presume that transformation resulted from accumulation of additional genetic change(s) during long term culture.
Phenotype of Neuroepithelial Cell Lines. The majority of the cell lines generated from the neuroepithelium appear to represent cells at a very early stage of neural differentiation. They have the morphological appearance of normal neuroepithelium cultured in vitro and express similar antigenic markers (Table 1 ). All the cell lines express the cytokeratin intermediate filament; this marker is also found in E10 neuroepithelium but is lost during neural differentiation and is not present in mature glial or neuronal cells (3) . A further indication that these lines are of an immature phenotype is that the majority of the cell lines (95%) do not express neurofilaments or the neuronal surface marker A2B-5 (15) [also expressed on some glial cell precursors (22) ] or the astrocyte-associated intermediate filament GFAP. In addition, the lines do not express the surface marker NEP6 normally present on the glial precursor cells prior to expression of GFAP (3) . In an attempt to induce these lines to differentiate or to shift antigenic phenotype, we have used several agents known to induce cellular differentiation, such as phorbol esters, retinoic acid, and 8-azacytidine, but have observed no surface phenotypic changes in any of the lines examined. However, IFN-y and acidic and basic FGF have been effective in initiating phenotype changes. histocompatibility antigens. This property is also shared by mature neurons and glia; however, it has been shown that some mature neural cells can be induced to express both classes of molecules after incubation with IFN--y (23). We have found in all the 140 neuroepithelial cell lines tested that classes I and II histocompatibility molecules can be induced within 48 hr after IFN-y treatment ( Fig. 3 and Table 1 ). The expression of class I antigens is similarly induced on freshly isolated E10 neuroepithelium (3). However, the expression of class II antigens is not seen on normal neuroepithelium and is only found on GFAP-positive astrocytes. The significance of this finding is unclear, although it may indicate that these lines are biased toward the glial differentiation pathway. As shown in in Fig. 2A the pretreatment of the neuroepithelial cell lines with IFN-y had no effect upon endogenous or proviral c-myc gene expression. FGF Stimulates Differentiation. Acidic and basic FGF are found in relatively high concentrations in the brain (24) and have been shown to enhance neuronal survival in vitro and in vivo (25) . Results from our laboratory indicate that FGF is a potent proliferative stimulus to freshly isolated E10 neuroepithelium and, at concentrations >5 ng/ml, induced morphodifferentiation (M. Murphy, J. Drago, and P.F.B., unpublished observations). Cells (Fig. 4 A  and B ) as well as a process bearing population that is both A2B5-positive (Fig. 4 C and D) and also contains neurofilament protein (Fig. 4 E and F) . A (6, 7 ) and yet with allowing differentiation to proceed in others (9, 19) are unclear. It has been suggested (19) that the level of c-myc expression sets the balance between proliferation and cellular differentiation. High levels of c-myc expression promote proliferation and, therefore, inhibit differentiation, as observed in erythroleukemia cell lines (6, 7) , whereas reduction in c-myc expression is associated with differentiation, as seen in the promyelocytic leukemia cell line HL-60 (26) . It is also possible that deregulation of the endogenous c-myc is important in determining whether the cells are capable of differentiation or not. In most of the cases where exogenous c-myc was introduced into cells expression of the endogenous c-myc was turned off (20) . However, in all the c-mycimmortalized cell lines so far examined endogenous c-myc was expressed (Fig. 2) . Although the ratio between the endogenous and the exogenous c-myc mRNA varies from line to line, the endogenous c-myc was expressed in all the lines examined at levels comparable to that found in normal E10 neuroepithelium (data now shown).
The advantage of generating neuroepithelial cell lines frozen at a defined stage of differentiation is that it provides an inexhaustible supply of material for analysis at the cellular and molecular levels. 
